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ABSTRACT

Purpose. Research of thermodynamic and geomechanical processes occurring in a gas hydrate body under the
influence of an activating agent (sea water from surface layers) in the conditions of the Black Sea by mathematical
modeling using finite element method.

Methods. The modeling of thermodynamic and geomechanical processes is performed with the use of ANSYS v17.0
software and in accordance with the climatic, hydrogeological and physic-mechanical properties of the numerical
model elements in the Black Sea gas hydrate deposit under consideration, which are similar to natural ones. The ther-
modynamic processes were studied in the section “Steady-State Thermal”, and the geomechanical (stress-strain state)
in “Static Structural”.

Findings. The spatial model is developed, which allows to simulate thermodynamic and geomechanical processes in
a gas hydrate body under the influence of a thermal agent. As a result of modeling, it was determined that under these
conditions the temperature in the gas hydrate body varies with the distance from the production well similarly in both
directions according to the polynomial dependence. What is more, at a distance from the well of 18.7 m the temperature
is stable and equals +22°C, and in the range of 18.7 — 24.9 m — decreases by 3.1 times and reaches a value of +7°C. It
was found out that deformations in a gas hydrate body under the influence of an activating agent, which is fed under
pressure above the initial, are directed from the lateral boundaries to the center of the gas hydrate body in the direction
of productive dissociation zones. This, in its turn, results in the displacement of the gas hydrate volume to the reaction
proceeding center, improving the quality of the decomposition process and allows mining of 87 — 91% gas hydrate
volume, which is presented in the model.

Originality. For the first time, for the conditions of the Black Sea gas hydrate deposits, an analytical assessment of the
dissociation zone distribution from the production well under the influence of the thermal agent and the changes of the
stress-strain state of the gas hydrated body during its decomposition, has been carried out. This allows to
improve the technology of the gas hydrate deposits development in the conditions under consideration.

Practical implications. The technological scheme for the development of a gas hydrate body based on the combined
approach to the effects of activators (temperature and pressure) is proposed, which eliminates the need to warm the
boundary sections of the deposit and increases the amount of the supplied activating agent and its temperatures, which
in its turn leads to a decrease in the resource- and energy consumption.

Keywords: gas hydrate deposit, finite element method, ANSYS software package, dissociation zone, technological
scheme of development

1. INTRODUCTION

In an unstable situation on the Ukrainian gas market,
in particular the diversification of hydrocarbon sources,
the issue of the prospects determination of state energy se-
curity by increasing the volume of own gas production is
particularly important. In order to ensure the solution of

energy security issues, the Cabinet of Ministers of Ukraine
approved the Concept dated December 28, 2016 No.1079
on the development of Ukraine’s gas industry, which de-
termines that currently Ukraine is an energy-dependent
country. Over the past two decades, natural gas in the
country has been mined in almost identical volumes, but
in 2013 — 2015 it began to decrease steadily. According to
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the statistics of the Ministry of Energy and Coal Industry,
in 2015, natural gas was extracted in the amount of
19.9 billion m?, which is by 3% less than in 2014 (20.5 bil-
lion m?) and by 7.2% less than in 2013 (21.4 billion m%).
At the same time, the share of imported natural gas remains
high in the country’s gas balance, exceeding 40% of its
total needs, which is 33.8 billion m? by the end of 2015.

The development of the Ukrainian gas industry with
account of the leading foreign countries experience, as
well as the latest developments of Ukrainian scientists, can
eventually solve the issue of Ukraine’s energy security be-
cause geotechnological aspects of primary energy re-
sources development in Ukraine and Ukrainian crisis have
a negative influence on the mining industry (Petlovanyi,
Lozynskyi, Saik, & Sai, 2018).

Due to rising oil and gas prices, the use of alternative
fuels is becoming increasingly urgent. The most commer-
cially prepared energy carrier, capable of replacing petro-
leum products, is methane. In addition to shale gas, me-
thane of coal deposits, sandstone gas, gas condensate and
other hydrocarbon raw materials (Bondarenko, Kharin,
Antoshchenko, & Gasyuk, 2013; Mykhailov, 2016),
which are deposited in non-traditional collectors, the gas
hydrated deposits are of great importance (Kvenvolden,
1993; Ersland & Graue 2010; Wang & Economides,
2011). It should be noted the research aimed at the devel-
opment and implementation of technologies for obtaining
gas as an additional energy source by underground coal
gasification in complex mining and geological conditions
(Lozynskyi, Saik, Petlovanyi, Sai, & Malanchuk, 2018),
when working out the formation of coal seams (Dychkov-
skyi et al., 2018) and in the process of biomass gasification
(Bondarenko, Lozynskyi, Sai, & Anikushyna, 2015). Par-
ticular attention should be paid to studies on the transfer of
coal deposits methane to a gas hydrate state with the pur-
pose of its transporting in the solid state and using as an al-
ternative energy source (Ganushevych, Sai, & Korotkova,
2014; Taheri, Shabani, Nazari, & Mehdizaheh, 2014;
Bondarenko, Sivetkin, & Sai, 2017; Chernov et al., 2017).

Gas hydrates are ice-like crystalline compounds that
consist of water and natural gas molecules. These are the so-
called inclusion compounds: the water molecules bind each
other with hydrogen bonds and form the frames with large
cavities inside. Chemical bonds between molecules of gas
and water are not formed, the molecules are retained only by
weak intermolecular Van der Waals forces (Carroll, 2014).

The gas hydrates properties are unique. One volume of
water, when converted to a hydrate state, binds up to
200 volumes of methane. At the same time, its specific
volume increases by 26% (when freezing water its specific
volume increases only by 9%). 1 m® of methane hydrate at
a pressure of 2.63 MPa and temperature of 0°C contains
164 volumes of gas. At the same time, the share of gas
accounts for 0.2 m?, water — 0.8 m? (Boswell, 2009).

In nature, gas hydrates are formed in the deep-sea
sediments of the seas and oceans and in areas of perma-
frost — mainly from hydrocarbon gases. The most com-
mon gas contained in gas hydrates is methane. In addi-
tion to methane, natural gas hydrates may include other
hydrocarbons (ethane, propane, butane), as well as car-
bonic and sulfur gases, hydrogen sulfide, argon, and
others (Makogon, 2010a).
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The volumes of fuel in the form of gas hydrates (basi-
cally methane) exceed the amount of carbon fuel in all its
other types on the planet. The distribution of organic car-
bon on the Earth, with the exception of scattered in rocks
and sediments, is shown in Figure 1. It should be noted
that more than half of the carbon is in gas hydrates
(National Energy Technology Laboratory, 2017).
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Figure 1. The distribution of organic carbon on the Earth:
1—in the atmosphere; 2 —in the ocean (including
scattered organic and biota); 3 — on land (including
soil, biota, peat and detritus); 4 —in fossil fuels;
5 —in gas hydrates

At present, the USA, England, Japan, China, Germany,
Norway, Russia and others are engaged in the develop-
ment of technologies of gas hydrates production. Thus, the
US Congress has allocated several billion dollars from the
federal budget for the development of gas hydrates in by
thermal way. In Japan, one of the largest priority national
programs in the world with budget financing has begun
work, aimed at the development of marine gas hydrate de-
posits of the Nankai Depression from a depth of 950 m.

Of great interest are the works of scientists of the
Institute of Inorganic Chemistry of the Russian Academy
of Sciences on the theoretical study of the hydrates pro-
perties, the methods of gas hydrates extraction developed
by scientists at .M. Gubkin University of Oil and Gas, the
results of the US Geological Survey and the Japanese oil
exploration company Mitsui Engineering & Shipbuilding.
The analysis of methane extraction capabilities in
Ukraine, in particular in the Black Sea, is being carried out
by scientists at the Marine Hydrophysical Institute of the
National Academy of Sciences of Ukraine and the Odessa
Academy of Colds. Special attention is deserved by the
works of scientists of the State Higher Educational Insti-
tution “National Mining University”, Ivano-Frankivsk
National Technical University of Oil and Gas, Yuri Kon-
dratyuk Poltava National Technical University, S.I. Sub-
botin Institute of Geophysics of the National Academy of
Sciences of Ukraine and the Institute of Gas of the
National Academy of Sciences of Ukraine.

Taking into account the urgency and importance of re-
search in the gas hydrate direction, as well as the existing
significant energy potential of gas hydrates (Makogon,
Holditch, & Makogon, 2007), evident is the development
of technology for gas extraction from gas hydrate deposits
and determination of its basic parameters, which will ena-
ble Ukraine to provide its own hydrate gas (Bondarenko,
Ganushevych, & Sai, 2012; Bondarenko, Maksymova,
Ganushevych, & Sai, 2013).
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2. ANALYSIS OF EXISTING METHODS
FOR THE GAS HYDRATE
DEPOSITS DEVELOPMENT

In many countries of the world for today, the programs
and research centers are created for the study of gas hy-
drates, since the production of hydrate gas will help to
solve the world’s energy problems. However, it is
extremely important to create and apply techniques and
technologies for the gas hydrate deposits development and
methane gas production. Technologies of the gas hydrate
deposits development are related to the physical and
chemical properties of these clathrate compounds and re-
lies on dissociation, due to which gas hydrates separate
into gas and water. Releasing the gas contained in hydrates
can be achieved by shifting the equilibrium parameters of
their stable existence (Maksymova, 2015).

Methods of the gas hydrate deposits development are
based on the laws of the gas hydrates existence and their

properties. First, it is taken into account that all reserves
are located mainly in the depth zones. Secondly, gas hy-
drates exist under conditions of relatively high pressure
and low temperatures (Ganushevych & Sai, 2013). Water
molecules are joined by a hydrogen bond, which is de-
cayed easily with decrease in pressure and rise in temper-
ature. The modern methods of extracting gas from gas hy-
drates are based on these main characteristics.

There are three main methods for producing gas from
gas hydrates (Fig.2) (Processes for Methane Produc-
tion..., 2010; Bondarenko, Ganushevych, Sai, & Tysh-
chenko, 2011; Rogers 2015; Swaranjit Singh, 2015):

— thermal method based on the heating of the deposit;

— depressive method, which consists in reducing the
pressure in the gas hydrate;

—a method of substitution or addition of chemicals
that are catalysts of the dissociation process of a gas
hydrate deposit.
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Figure 2. Methods for developing gas hydrate deposits and extracting natural gas from them: (a) depressurization; (b) thermal
injection; (c) inhibitor injection (Makogon, 1997; Kollett, L ’yuis, & Uchida, 2001; Ersland & Graue, 2010)

The essence of the thermal method is based on the sup-
ply of heat inside the crystal lattice of gas hydrates in order
to increase the temperature and start the process of disso-
ciation by pumping the coolant into the gas hydrate de-
posit. As a coolant, warm sea water or steam can be used.
The coolant is pumped into the gas hydrate layer through
the central injection well and the gas, released out from
the production well, is collected on the surface. The
method of thermal heating has several subtypes. Briefly
review the main ones.

Method of heating by a coolant injection. As a rule, wa-
ter is as a coolant. The efficiency of the technology in-
creases with the supply of hot water in a closed cycle
through special pipes. In this case, the open injection of
warm water is effective only for gas hydrate strata with
thickness of 15 m. In the other case, the loss of heat at the
open injection of the coolant may appear excessively large.

Method of hot water circulation. This technological
solution was applied to 5-day trial gas production at the
Canadian Mallik Field in 2002. During the experiment,
water at a temperature of +80°C was pumped into the well
with a depth of 1100 m. When the water reached the bot-
tom of the well, the water temperature was +50°C. As a
result of the technology application, 470 m* of methane
gas was extracted.

The method of gas hydrates decomposition with the use
of steam, heated gas or liquid. The method is based on the
use of a device, placed next to a gas hydrate deposit or
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directly into the deposit itself, which allows it be heated
with gas or liquid (preferably by steam). Gas hydrate may
be heated by direct contact with gas or liquid, or indirectly —
by the use of a thermally-conductive coil or a channel.

The thermal method for the gas hydrate deposits de-
velopment can be used for strata with high content of hy-
drates with a small share of rocks inclusions. When apply-
ing this method, it is necessary to take into account the
total energy consumption for dissociation of crystalline
hydrates and the amount of energy that can be obtained
from the extracted gas.

The depressive method of gas extraction from gas hy-
drate deposits (depressurization) consists in artificially
lowering the pressure in the formation around the well be-
low the equilibrium level, which is achieved by the pres-
sure reduce in the drill-hole or by reducing the pressure of
water or free gas on the gas hydrate after they are partially
pumped out. When the pressure in the gas layer is lower
than the phase equilibrium of gas hydrates, the latter one
begins to dissociate into gas and water, while absorbing
the thermal energy of the ambient medium.

The method of the pressure reduce is suitable for gas
hydrate layers, in which the saturation of hydrates is low,
and gas or water have not lost their mobility. The technol-
ogy is most effective when gas hydrates are located near
the free gas formation. When the volume of free gas de-
creases, there is a constant change in the equilibrium be-
tween hydrate and gas, which causes the gas hydrate
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continues to emit a gas that fills the lower layer. It is
naturally, that with an increase in hydrate-saturation, the
efficiency of this method decreases. The main disad-
vantage of the pressure reduce method is the formation of
gas hydrates in the borehole zone, which complicates the
gas extraction process.

The method of substitution or addition of chemicals is
based on a shift in the phase equilibrium of gas hydrate,
which leads to its decomposition. The substitution is to
displace methane from the ‘cells’ of the clathrates by fil-
ling them with another gas, such as carbon dioxide. Meth-
anol, glycol, ethanol, saline solutions, etc., can be used as
chemical substances used in the development of gas hy-
drate deposits. There are several subtypes of this method.

Supply of hot supersaturated solutions of calcium
chloride or bromide, or their mixtures under pressure
down the well. At the same time, water that has separated
from the gas hydrate is absorbed by salts with the release
of heat.

Method of chemical reagents interaction, which
includes the following stages:

1) an exothermic chemical reaction of liquid acid and
liquid alkali, which results in the formation of a hot
saline solution;

2) contact of a gas hydrate with a hot saline solution
and dissociation of the part of the gas hydrate deposit;

3) lifting of the formed water-gas mixture up the well;

4) separation of natural gas from the saline solution on
the surface.

Method of substitution by carbon dioxide is to replace
the gas molecules of methane, which is the main compo-
nent of the gas hydrate deposits, by the carbon dioxide
molecules. Carbon dioxide can substitute methane in gas
hydrate without the formation of excess water, and while
releasing methane.

These methods of gas extraction from gas hydrates de-
posits serve as a base for a lot of variants of gas hydrate
deposits development which are offered today. However,
all gas extraction technologies require additional both the-
oretical and experimental research directly within each
specific gas hydrate deposit (Maksymova, 2015).

3. THERMODYNAMIC AND GEOMECHANICAL
PROCESSES MODELING AT DISSOCIATION
OF GAS HYDRATE DEPOSITS

3.1. Mining-geological features of gas hydrate
deposits occurrence in the Black Sea

Research of the conditions of formation, the stable
existence and properties of gas hydrates in the natural en-
vironment allow us to confidently predict their availability
in different regions of the land, the World Ocean, and in
particular, in the Black Sea. The Black Sea aquifer is cha-
racterized by the presence of gas hydrate deposits, which
thickness, according to geologists and seismic survey re-
sults, reaches an average of 700 m. The Ukrainian part of
the sea has methane gas resources, which can be extracted
from gas hydrate deposits located directly opposite the
Crimean Peninsula, about 20 — 25 trillion m®. The total
forecasted gas resources throughout the Black Sea amount
at least to 100 trillion m?, based on the results of drilling
and analysis of the studied cores (1988 —1989)
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(Korsakov, Byakov, & Stupak, 1989; Gas Hydrates in the
Black Sea Basin, 1990).

When using oil and gas minerals within the territorial
waters and the exclusive (maritime) economic zone of
Ukraine, there are certain features of the administrative
and legal regulation of special permits for such use. Thus,
in compliance with Article 22 of the Law of Ukraine “On
Oil and Gas” No0.2665-I1I of July 12, 2001, in the areas of
oil and gas bearing deposits located within the territorial
waters and the exclusive (maritime) economic zone of
Ukraine and for the use of which a special permit has been
obtained, the works is carried out in accordance with a
special regime established by the owner of the special per-
mit in agreement with the central executive authorities that
ensures implementation of the state policy in the areas of
the state border and Ukrainian sovereign rights protection
in its exclusive (maritime) economic zone, maritime and
river transport safety, fisheries, and the central executive
body, which ensures the formation and implementation of
state policy in the field of environmental protection. The
granting for use of oil and gas bearing resources within the
exclusive (maritime) economic zone of Ukraine is carried
out with account of the legal regime of maritime areas.

The Black Sea is one of the largest and deepest seas.
The average depth of the sea is 1300 m. The maximum
depth, according to various sources, based on the echo
sounding data, is in the range 0of 2210 — 2258 m. River wa-
ter flows entering the sea have a limited flow through the
narrow Bosphorus Strait with a depth of 32 m and a width
of about 750 m. The mixing of water is determined only
by winds to shallow depths and low-power sips located at
depths of up to 700 m.

The modern Black Sea basin is part of the large Alpine
orogenic belt. It is the northeastern segment of the Medi-
terranean mobile zone. In the north, these two depressions
border on the southern edge of the Eastern European plat-
form, in the east — with the zone of the Taman dome struc-
tures, is the western extension of the Caucasian orogen, in
the south — with the Anatolian folded structures, in the
west — with the Misei plate and Dobrudja mining struc-
tures (Kobolev, 2017).

The north-western part of the Black Sea water area is
a tectonic depression (depression) of the Northern Black
Sea coast, which arose in the late Maykop period between
Dobruja in the west and the Crimean Peninsula in the east.
In the south, the depression opens towards the large Black
Sea trough, and in the north it embedded deeply into the
boundaries of the East European platform.

In the Black Sea area, three main geomorphological
elements are distinguished at the bottom: the shelf, main-
land slope and deep-water depression. The Black Sea shelf
is a coastal part of the seabed to the depths of 90 — 110 m.
The geological structures of the shelf are an extension of
land structures. The shelf, or continental shelf, covers 25%
of the sea water area. The continental slope corresponds to
a narrow zone of steep bending of the seabed from the
outer shelf to the depths of 1830 m and occupies about
40% of the water area. The deep-water depression of the
Black Sea (about 35% of the water area) is a flat accumu-
lative plain, which extends from the west to the east in an
oval form, slightly inclined to the south. Its bottom is prac-
tically even, characterized by low-hill relief, the slope
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angles vary in the range from 0O to 1°. Large forms of
underwater relief based on echometric surveys were not
found here. The depth is everywhere more than 2000 m.

The existing technologies for the gas hydrate deposits
detection are based on the use of the properties of hydrates
and hydrate-saturated rocks. These properties are high
electrical resistance and acoustic conductivity, reduced
permeability for water and gas, thermal conductivity and
density. The detection of gas hydrate deposits can be made
by seismic or acoustic sounding, gravimetric method,
measurement of thermal and diffusion fluxes over the de-
posit, studying the dynamics of the electromagnetic field
in the studied region, etc. (Bondarenko, Maksymova, &
Koval, 2013). The most common method is the standard
and high-frequency seismic, according to which, in the oc-
currence of free gas under the hydrate-saturated strata, the
position of the lower boundary of hydrate-saturated is de-
termined — the BSR (Bottom Simulation Reflector) limit
(Thakur & Rajput, 2010).

The analysis of thermobaric conditions within the
deep-water part of the Black Sea basin gives all grounds
to assert that the available temperature and pressure pa-
rameters at sea depths of 500 — 750 m are optimal for the
formation of gas hydrate deposits in such conditions
(97/01843 Thermodynamic Conditions..., 1997; Demir-
bas, 2009; Shnyukov, 2013). The lower boundary of these
deposits existence is 400 — 500 m below the seabed and
depends on the depth of the sea. Figure 3 shows the thick-
ness of the gas hydrate deposits formation to the south of
the Crimean Peninsula.
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Figure 3. The zone of gas hydrates formation in the Black Sea
(Makogon, 2010b)

The accumulated factual data on the extent of the Black
Sea degassing and the place of gas hydrate deposits distri-
bution confirms the expediency of complex studies con-
ducting to introduce technologies for the practical extrac-
tion of gas from gas hydrates for the needs of the Ukrainian
economy and increase in the energy independence of the
state (Bondarenko, Maksymova, Ganushevych, Sai, &
Illiashov, 2013; Pedchenko & Pedchenko, 2017).

3.2. Methodology and setting the research tasks

The actual issues in the determination of thermodyna-
mic and geomechanical processes can be solved by mode-
ling, since conducting field experiments is difficult due to
the large size of the gas hydrate deposit and, as a conse-
quence, substantial costs for carrying out the experiment.
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To solve the engineering problems in the mineral
deposits development, mathematical modeling based on
the finite element method for solid minerals has become
widely used (Bondarenko, Symanovych, & Koval,
2012; Lan, Hou, & Fan, 2015) as well as minerals that
change their aggregate state in the process of extraction
(Kimoto, Oka, Fushita, & Fujiwaki, 2007; Zhao et al.,
2013). One of the most well-known software packages
based on the finite element method is ANSYS, which
meets the needs for calculating the thermodynamic and
thermobaric conditions of gas hydrates dissociation. As
a CAD system, the “COMPAS 3D v17.1” package is
used, since the created graphical objects can be trans-
ferred directly to ANSYS.

In order to achieve this goal, the research is carried out
in two stages. The first step is to conduct a temperature
analysis taking into account the properties of the selected
materials and their interaction. The second stage of re-
search is the assessment of pressure effect of the activating
agent supplied (water from the surface layers of the Black
Sea) on the gas hydrate body and its deformation.

The development of a gas hydrate body was modeled
for the conditions of the second geomorphological ele-
ment of the Black Sea — the continental slope — at a depth
of 700 m, where the initial pressure in the gas hydrate de-
posit is 7 MPa. In this zone, the gas hydrate body has suf-
ficient thickness, suitable for industrial development. The
dimensions of the initial model were taken by experi-
mental selection (alternative parameters led to more com-
plicated calculations, and also had low accuracy in the fi-
nal analysis due to the fact that the finite element mesh had
a small number of finite elements and their large sizes, and
the creation of a model with smaller dimensions is irrele-
vant, since the size of the gas hydrate deposit is quite sig-
nificant) and were 50 x 50 x 75 m.

The simulated object consists of three parts:

— the enclosing roof and bottom rocks (the thickness of
the roof is 25 m, the bottom — 30 m) are represented by
sandstone (since 87% of the explored deposits were found
in such rocks);

— gas hydrate body with a thickness of 20 m (in natural
conditions, the gas hydrate deposit is characterized by
fluctuations in thickness, but, with the purpose to simplify
the calculations, a formation with constant thickness is
considered);

— production well with a diameter of 0.4 m (since this
will be enough for placement of equipment and technical
means) and a depth of 40 m (taking into account the roof
rocks thickness and 2/3 of the gas hydrate body thick-
ness, that is conditioned by the gas hydrate deposit pro-
cessing scheme).

The well is represented in the model as a simulated
solid body, and the effect of the activating agent pressure
on the decomposition process is directed towards the gas
hydrate body. To create a pressure difference (agent and
gas hydrate body), sea water is supplied at a pressure of
8 MPa, which exceeds the existing equilibrium pressure in
the gas hydrate deposit.

Table 1 shows the basic physical and mechanical pro-
perties of the simulated object, which includes the rock,
gas hydrate and water used in the modeling process.
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Table 1. Physical and mechanical properties of structural
elements in the gas hydrate deposits development

Rocks of roof  Gas hy-
Parameter and bottom  drate body Water
Density, t/m? 2.4 0.9 1.03
Young’s module, MPa 0.018 0.1 2000"
Poison’s ratio 0.32 0.42 0.5™
Thermal conductivity, 1.8 3 g 06

W/mm-K

*Vilner, Kovalev, & Nekrasov, 1976

*Krevelen & Nijenhuis, 2009

“*Waite, Stern, Kirby, Winters, & Mason, 2007; Permya-
kov, 2010

Gas hydrate as an initial form of ice has abnormal heat
capacity, specific heat of melting, and dielectric permittiv-
ity. The phase transition forms shields of different types and
scales from gas hydrates stored in permafrost to ice sheets
(Melnikov, & Gennadinik, 2018).

Guided by the fact that the physical properties of the
gas hydrate as a solid body are similar to ice, the physical-
mechanical parameters of the gas hydrate body, shown in
the table, were considered equivalent to ice. As an activa-
ting agent we use seawater as it is very safe for the envi-
ronment, and also is available in an excess near the marine
gas hydrate deposits. For water, there is no Poisson’s ratio,
since it is an incompressible fluid, in accordance with the
basic Archimedes laws, Euler and New-Stokes equations.
Therefore, an alternative parameter is a volume elasticity
modulus, equal to 2000 MPa for water. In the calculation
we accept this value.

The water temperature of the surface layers of the Black
Sea is +18...+24°C, based on this, we accept the tempera-
ture of the activating agent +22°C. In winter it is necessary
to heat the water to the desired temperature. The tempera-
ture of the hydrate is accepted to be +4°C, since according
to the research center “MARUM” (Germany) data, the tem-
perature of the deposit is +3...+6°C. For roof and bottom
rocks of the deposit, the temperature is accepted to be
+18°C, based on the data of the Institute of Geological Sci-
ences of the NAS of Ukraine. The heat exchange processes
that are of interest to us, occurring between the gas hydrate
and the activating agent, respectively, if to isolate the water,
which is supplied in the well, then the heat exchange be-
tween the rocks can be neglected. Since water is present in
both the gas hydrate and as the activating agent, it is possi-
ble to assume that forced convection occurs precisely with
water, therefore, the convection coefficient can be accepted
as equal to 600 W/mm?. To control the dissociation process,
we set the time of influence as equal to 20 hours. This value
is chosen based on the experience of foreign research at the
Nankai (Japan) (MH21 Research Consortium, 2018) and
Mallik (Canada) deposits (JOG-MEC/NRCan/Aurora,
2018)). The minimum flux value is 100 W/mm?, and the
maximum is 200 W/mm?.

The first stage of the research is to conduct a temperature
analysis taking into account the properties of the selected
materials and their interaction. The most important parame-
ter is the thermal conductivity, but for gas hydrates there is
no constant value. According to Permyakov (2010), as well
as British and American scientists (Waite, Stern, Kirby,
Winters, & Mason, 2007) the certain values of thermal dif-
fraction at different gas temperatures have been established.
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The second stage is an assessment of the effect of pres-
sure, under which the water is injected through the well,
onto the gas hydrate deposit, and its deformation. For this
purpose, a similar model is used, but the initial conditions
are changed and some properties of the materials are
added. Since, action of the activating agent on the hydrate
is of scientific interest only, a rigid fixation of the roof,
bottom and well is established.

The result of the research is to obtain curves of thermal
analysis and static stresses, which are further analyzed.

3.3. Analysis of modeling results

Using the ANSYS program “Steady-State Thermal”,
the thermal analysis of the created model was performed
taking into account the given physical and mechanical, as
well as thermodynamic properties of the model elements,
a thermal effect curve was obtained (Fig. 4a).
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Figure 4. Results of the thermal analysis of the model: (a) the
curve of thermal effect on the gas hydrate body;
(b) the dependence of temperature change of the
gas hydrate body with an increase in distance from
the well

It is established that the maximum destructive effect
acts around the well and decreases toward the deposit
boundary in the model. The analysis of the curve shows
that under given conditions in the model, the tempera-
ture in the gas hydrate body varies with the distance
from the injection well similarly in both directions
according to the polynomial dependence of the form
T=-0.003L*+ 0.0087L* — 0.0856L% + 0.2439L + 22.016
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at R>=0.99 (Fig. 4b), and at a distance from the well of
18.7 m the temperature is stable and is +22°C, and in the
range of 18.7—-24.9m it decreases by 3.1 times and
reaches a value of +7°C. As can be seen from the curve, the
nature of the thermal effect extends through the thoroid and
leads to qualitative destruction only within the limits of this
figure (diameter 37.5 m), but for the productive work,
destruction of the remaining gas hydrates is also necessary.

For this purpose, it is necessary to conduct a study of
the gas hydrate body model on static stresses under the ef-
fect of an activating agent, which is fed through the bore-
hole at a pressure of 8 MPa, which exceeds the initial pres-
sure in the gas hydrate equal to 7 MPa, formed at the con-
sidered depth.

Using the ANSYS program subdivision “Static Struc-
tural”, a static analysis of the stress-strain state of the
created model was performed, under the effect of a ther-
mal agent, fed with pressure higher than the initial value
in the gas hydrate body (Fig. 5).
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Figure 5. Results of the stress state study of the gas hydrate
body: (a) a curve of equivalent stresses; (b) the de-
pendence of the stresses change according the gas
hydrate body thickness

Based on the obtained results of the stresses curve
study (Fig. 5a), it can be stated that in view of the gas hy-
drate body thickness, the maximum pressure is formed on
its contact with the enclosing rocks of the roof and the bot-
tom, and is 20 MPa, and the minimum pressure — in a
diameter 37.5 m around the well with a value of 3.3 MPa.
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Accordingly, this indicates that the gas hydrate
decomposition reaction occurs with high-performance in
the area of a spheroid with a diameter of 37.5 m, since the
pressure value within this figure is lower compared with
the initial equilibrium pressure in the deposit.
However, the problem of influence within the gas hydrate
deposit boundaries is still unresolved.

The pattern of the stresses field distribution by the
thickness of gas hydrate body and in accordance with the
curve, indicates that the stresses in the gas hydrate body
vary rather uniformly from its roof and from its bottom to
the center according the polynomial dependence of the
form o =0.18L% — 3.56L +20.11 at R? = 0.99 (Fig. 5b). At
a distance of 6 m from the roof and the bottom, the pres-
sure is reduced by 5 times from 20 to 4 MPa, then it
slightly decreases and reaches a minimum value of
3.3 MPa, and it remains constant in the gas hydrate body
center. Along the length of the gas hydrate body from
the production well, the stress state varies slightly from
3.3 to 6.5 MPa.

For more meaningful conclusions on the determination
of the productive zone of the gas hydrate body dissocia-
tion, a curve of its deformations under the influence of
temperature and pressure of the activating agent, was
obtained (Fig. 6a). The analysis of the deformation curve
of the model allows to state that maximum deformations
are observed at the lateral boundaries of the hydrate de-
posit and are 10 — 11 m and decrease toward its center to
7 — 8 m in accordance with the polynomial dependence of
the form U=-0.0004L3+0.02L>-0.53L+11.09 at
R?=10.97 (Fig. 6b). While the minimum deformations are
observed on the contact of a hydrate body and the enclosing
rocks with a value of 1 to 2 m and increase to 8§ m in the
center in accordance with the polynomial dependence of
the form U = —0.08L2 + 1.59L + 0.52 at R? = 0.96 (Fig. 6¢).

Deformations are directed from the lateral boundaries
to the center of the gas hydrate body, which in turn leads
to the displacement of the gas hydrate volume into the cen-
ter of its decomposition reaction.

Based on the obtained modeling data, one can state the
following: the qualitative dissociation zone under the in-
fluence of temperature is limited by the volume of the tho-
roid with a diameter of 37.5 m, and the productive effect
of pressure is within the range of a spheroid with a similar
diameter of 37.5 m. Thus, the quality of dissociation in-
creases, which makes it possible to mine 87 — 91% of the
gas hydrate body presented in the model.

The solution of the problem of mining the boundary
areas of the deposit on the contact with the enclosing rocks
is that under the influence of temperature and pressure
there are deformations, which shift the boundary areas of
the deposit by 10— 11 m in the direction of productive
zones of dissociation.

The complex approach to the temperature and pressure
effect on the deposit is quite effective and promising,
since, operating the data from the conducted studies for a
given volume of a gas hydrate body, it is possible to min-
imize the costs of the fed activating agent, as there is no
need to increase the amount of agent and its temperature
for heating the boundary areas of the deposit, which, in
turn, leads to a decrease in resource and energy costs.
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Figure 6. Results of the study of the gas hydrate body defor-
mations: (a) the curve of general deformations;
(b) dependence of deformation changes from the la-
teral boundaries to the well; (c¢) dependence of the
deformation changes from the roof to the center of
the gas hydrate body

4. IMPROVEMENT OF THE TECHNOLOGICAL
SCHEME FOR THE GAS HYDRATE DEPOSITS
DEVELOPMENT IN THE BLACK SEA

For the development of a gas hydrate deposit, a com-
bined approach should be effective, which includes the tem-
perature effect and the effect of the pressure by the activa-
ting agent on the gas hydrate deposit, but there are no tech-
nological schemes for the development of gas hydrate de-
posit based on this approach. Such a technological scheme
based on the combined approach of methane gas extraction
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from marine gas hydrate deposits is proposed and patented
by the authors of the article (Bondarenko, Prokopenko, Sai,
Svietkina, & Maksymova, 2018), taking into account the re-
sults of modeling by the finite element method.

In order to prepare the deposit, it is necessary to deter-
mine the contours of the developed deposit, taking into ac-
count the mining-geological and thermobaric conditions
of its occurrence, as well as to establish temperature and
depth ranges for further dissociation process control.

This method is applicable to the conditions of the Cri-
mean gas hydrate deposit in the Black Sea. The recom-
mended technological scheme for the development of a
gas hydrate body (Figs. 7, 8) is as follows. The implemen-
tation of all drilling and extraction works is carried out
from the floating platform to achieve the mobility of the
installation, the minimum number of platforms is 3 units,
the maximum is limited to the number of required wells.

Drilling involves conducting a central injection well,
through which a directed drilling with a fan-like arrange-
ment of horizontal branches relative to the central well
with the help of 3D controlled rotating system is per-
formed to increase the area of the activating agent effect
and expand the dissociation front.

8 o 3 o0 15 o0
= |3 |5 =l i = = |3 (2.
=B ER = e ERS - EER
A EE A AR
9|2 = 0|2 = o7 =

Sandstone

1 Gashydrate

Sandstone

Figure 7. The recommended technological scheme for deve-
lopment of the considered gas hydrate deposit
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Figure 8. The layout of the closed hydraulic system

The process is carried out as follows. The central in-
jection well 4 is drilled, from which the directional hori-
zontal drilling is carried out by a fan-like way along the
entire thickness of the gas hydrate body. Next, along the
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horizontal modules end zone /, the production wells 3 are
drilled. After that the linkage is performed between the in-
jection well / and the production wells 3, and a unified
hydraulic system of wells is formed, which allows to in-
crease the controllability of the dissociation process and
increase the productivity of gas extraction. Then, one-way
high-pressure valves are installed at linkage locations to
control the decomposition process of hydrates using the
pressure parameter.

The warm sea water with a temperature of +22°C from
the surface layers under a pressure of 8 MPa, exceeding
the existing pressure in the deposit, is pumped into the
horizontal modules /. Due to the fact that in the gas hy-
drate body the initial pressure is 7 MPa, cracks are formed,
which allow to increase the surface of the activating agent
effect and promotes better release of the gas.

Due to the thermal effect of water and changes in pres-
sure in the gas hydrate body, it breaks down and releases
gas. In the process, high pressure valves 2 are activated,
which allows to rapidly reduce the pressure in the dissoci-
ation zone and increase the rate of decomposition of hy-
drates by reducing the pressure to a point lower than that
of the gas hydrate body. The released gas, along the verti-
cal production wells 3, enters the floating platform, where
it is collected and sent to the gas storage.

Further, the pressure in the deposit is normalized due
to the fact that the water, together with gas, was removed
by means of the pressure difference from the production
vertical wells 3. The valves 2 are closed again and the
operation is repeated.

This scheme of development is significantly different
from those existing today. The main difference is that the
combined system of effect on the gas hydrate body is used,
with the change of the basic equilibrium parameters — tem-
perature and pressure. Also, in the method proposed by the
authors, there is a closed hydraulic system that minimizes
the effect of gas and activating agent on the ambient me-
dium, and the regulating one-way high pressure valves al-
low to control the dissociation process.

5. CONCLUSIONS

The gas hydrate deposits of the Black Sea are capable
of ensuring Ukraine’s energy independence in the near
future as an alternative to natural gas. On the basis of
scientific and technical analysis of the methods for the
gas hydrate deposits development of the world’s leading
developed countries, for the Black Sea conditions the
technological scheme for gas methane production from
gas hydrates is proposed by a combined approach, com-
bining the method of the gas hydrate body heating and
its depressurization by increasing the pressure of the ac-
tivating agent.

For research of thermodynamic and geomechanical
processes during the decomposition of the gas hydrate
body of the second geomorphological zone of the Black
Sea, a spatial computer model was developed by the way
of the proposed combined method with the help of the
ANSYS software product with a set of characteristics and
predetermined conditions close to the real ones.

As aresult of modeling, it was found out that under the
considered conditions the maximum thermal effect on the
gas hydrate body with a temperature of +22°C is observed
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at a distance of 18.7 m from the center of the well, and the
minimum — at +7°C at a distance of 25 m. Thus, the tem-
perature of the gas hydrates varies according to polyno-
mial dependence with a distance to the well. The nature of
pressure and deformation changes have been assessed, as
well as the dependences have been determined of their
change by the thickness and length of the gas hydrate body
under the effect of the activating agent, which is fed under
pressure exceeding the initial one. Thus, the maximum
pressure is formed on the contact of the hydrate body and
the enclosing rocks, and is 20 MPa, and the minimum
pressure — in diameter 37.5 m around the well with a value
of 3.3 MPa. Deformations are directed from the lateral
boundaries to the center of the gas hydrate body at 11 m
toward the productive dissociation zones, which in turn
leads to the displacement of the gas hydrate into the center
of the reaction, improving the quality of the decomposi-
tion process and allows mining of 87 — 91% gas hydrate
volume, which is presented in the model.

An engineering solution was proposed for the gas hy-
drate deposit development in the form of a developed tech-
nological scheme, in which all drilling and extraction
works are carried out from a floating platform to ensure
the mobility of the installation. The minimum number of
platforms is three, and the maximum is limited to the num-
ber of required wells. Drilling involves conducting a cen-
tral injection well, through which a directed drilling with
a fan-like arrangement of horizontal branches relative to
the central well with the help of 3D controlled rotating
system is performed to increase the area of the activating
agent effect and expand the dissociation front.
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JOCJILIKEHHA TEPMOJUHAMIYHUX I TEOMEXAHIYHHUX ITPOLECIB
TP PO3POBII 'A3OT'TIPATHUX NOKJIAAIB B YMOBAX YOPHOI'O MOPsI

B. bonnapenko, K. Caii, K. I[Ipokonenko, 1. KypasibsoB

Merta. JocnipkeHHsT TEPMOJMHAMIYHHAX 1 F€OMEXaHIYHUX MPOLECIB, M0 MPOTIKAIOTh y ra30TiApaTHOMY Tili HpU
BIUIMBI aKTUBYIOYOTO areHTa (MOpPCHhKOT BO/IM 3 MOBEPXHEBHUX I1apiB) B yMOBax YOpHOr0 MOpSI UIIXOM MaTeMaTH4HOTO
MOJICTFOBaHHSI METOJIOM KiHIIEBUX €JIEMEHTIB.

MeToanka. MoJiesItoBaHHSI TEPMOJMHAMIUHHX 1 T€OMEXaHIYHHUX IMPOIIECIiB BUKOHAHO 32 JOMOMOIOI0 IPOrPaMHOTo
3abe3neueHHss ANSYS v17.0 3 BiqOBIAHICTIO KITIMAaTHYHUX, TiAPOTeOJIOTIYHNX Ta (Pi3MKO-MEXaHIYHUX BIACTHBOCTEH
eJIEMEHTIB YMCENBHOT MOJIEITi y PO3IJISIHYTOMY Ta30rigpaTHOMY poaoBHII YOpHOro Mops, siKi € aHATOTIYHUMH HATYp-
HUM. TepMoaMHaMi4HI NpOIECH IOCHiKyBalucs y posauni mporpamu “Steady-State Thermal”, a reomexaniuni
(mampy»xeHo-neopMoBaHmii cTaH) — B “Static Structural”.

PesyabsTaTn. Po3pobiena mpocTopoBa Mojeib, IO JO3BOJISE MOACTIOBATH TEPMOAMHAMIYHI Ta TEOMEXaHIYHI TIPO-
[IECH Y Ta30T1APATHOMY TLITi IIPH BIUTUBI TETTIOBOTO areHTa. B pe3ynpTaTi MOIENIOBaHHS BCTAHOBIICHO, IO Y PO3TILTHY THX
YMOBAx TEMIIEPaTypa B ra30riipaTHOMY TiJli 3MIHIOETHCS 3 BIJICTAHHIO B/l BUIOOYBHOI CBEPIOBUHU aHAJIOTTYHO B O0H-
JIBl CTOPOHH 32 TIOJIIHOMIQJIbHOIO 3aJIeKHICTIO, TPUYOMY Ha BIICTaHI Bij cBepAioBuHHU 18.7 M Temneparypa cTabiibHa i
craHoBuTh +22°C, a B intepBai 18.7 — 24.9 M — 3HmxkyeThest y 3.1 pasu i nocsrae 3uadennst +7°C. BusiBneno, 1o aedo-
pMaltii y ra3oriipaTHOMY TiJIi IPH BIUIMBI aKTUBYIOUOT'O areHTa, IKMi I0AETHCS il THCKOM, 1110 MEPEBHIIYE M0YaTKO-
BUIi, CIIPSIMOBaHi BiJl OOKOBUX MEX y LIEHTp Ia30TiAPaTHOrO Tijia y HANpsMi MPOAYKTHBHUX 30H JUCOLiallil, 110, B CBOIO
4yepry, NPU3BOAUTH 10 3MiLlIEHHs 00’ €My ra3oriipaTy B USHTP MPOTIKaHHS Peakii, HOKPAIIYIOYH SKIiCTh MPOLECY PO3K-
JIalaHHs 1 103BoIIsI0UN Bignpamtosat 87 — 91% 06’eMy rasoriapara, NpeACTaBICHOTO B MOJIENI.

HaykoBa HoBHM3Ha. Briepuie a1 yMOB ra3oriapaTtHuX poJoBull YOpHOro MOps INPOBEICHA aHATITHYHA OLHKA
XapakTepy MOITUPEHHS 30HHU JUcolliamii BiJl BHAOOYBHOI CBEPUIOBHHH IPY BIUTHBI TEIUIOBOTO arcHTa Ta 3MiH Harpy-
JKEHO-1e()OPMOBAHOTO CTaHY Ta30TiAPATHOTO TiJIa IPX HOTO PO3KIaIaHHIi, IO JO3BOJIIE YIOCKOHAIUTH TEXHOJIOTIIO pO-
3pOOKHM Ta30TiApaTHIX MOKJIAIB Y PO3TIITHYTHX YMOBAaX.

IMpakTHYHA 3HAYUMICTb. 3aNPONIOHOBAHO TEXHOJOTTYHY CXEMY PO3POOKH ra3oriipaTHOro Tijia Ha OCHOBI KOMOIHO-
BaHOT'O MiJIXO/y IO BIUIMBY aKTUBATOPAMH (TEMIIEPATYpPOO Ta TUCKOM), 1[0 YCYBa€ HEOOXIIHICTh NPOrpiBY MPaHUYHUX
JIUISTHOK MOKJIa Ty 1 30UIbIIEHHS KUTbKOCT aKTUBYIOUOTO areHTa, 110 MOIAETHCS, Ta HOTro TeMIIepaTypH, 1110, B CBOIO Yepry,
BEJI€ J10 3HIKEHHS pECypco- i eHeproBUTpAT.

Knrouosi cnosa: zazociopamuuii nokaiad, Mmemoo KiHyegux eremenmis, npoepamuuti naxem ANSYS, sona oucoyiayii,
MexHoN02iuHa cxema po3pooKu

HNCCIEJOBAHUE TEPMOJUHAMNYECKHUX U TEOMEXAHUYECKHE ITPOLIECCOB
IIPU PASPABOTKE I'A30T' M/IPATHBIX 3AJIEXKEN B YCJIOBUSAX YEPHOI'O MOPS
B. bonnapenko, E. Caii, K. [Ipokonenko, /1. )KypaBnén

IIe.m,. I/ICCJ'ICZ[OBaHI/IC TEPMOJANHAMHUYCCKUX U T'COMECXAHNYCCKUX IMMPOUECCOB, NPOTCKAOIHNX B Ia30ruApaTHOM TCJIC
npu BO3I[€I7[CTBPIPI AKTUBUPYIOLICTO arcHra (MOpCKOfI BOAbl C MOBCPXHOCTHBIX CJ'IOCB) B YCIIOBHUAX qepﬂoro Mopia
NOCPEACTBOM MATEMATUYCCKOI'O MOJACIIMPOBAHNA MECTOAOM KOHEYHBIX 3JICMCHTOB.
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Metonuka. MozenupoBaHue TEpMOJIMHAMHUYECKUX W F€OMEXaHHYECKUX ITPOLIECCOB BBIMOJIHEHO IPH MOMOIIU MPO-
rpammuoro odecrieuenust ANSY'S v17.0 ¢ cooTBeTCTBHEM KIIMMATHYECKHX, TUIIPOT€0JIOTMUECKUX U (PU3NKO-MEXaHUUECKUX
CBOMCTB 3JIEMEHTOB YHCIIEHHOI MOJIETIM B pacCMaTpUBAaEMOM I'a30THIPATHOM MECTOPOXKICHUN YepHOTro Mopsi, KOTOpbIE
SIBJISIFOTCS] aHAJIOTHYHBIMH HaTypHBIM. TepMoiHaMUYEeCKHe MPOLIECCHl HCCIIEN0BAIIMCh B pa3zeie nporpaMmsl “Steady-
State Thermal”, a reomexannyeckne (HarpsHKeHHO-1eOPMUPOBAHHOE COCTOsIHNE) — B ““Static Structural”.

Pe3yabTaTsl. Pazpaborana npocTpaHCTBEHHAsE MOAEINb, ITO3BOJIAIONIAs MOJICIIUPOBATh TEPMOJANHAMUYECKHIE U T€0-
MEXaHHYECKHE MPOLIECChl B Ta30THPATHOM TeJjie MPH BO3/ACHCTBUM TEIUIOBOTO areHTa. B pesynibTarte MOJACIHPOBAHHS
YCTAHOBIICHO, YTO B PACCMATPUBAEMbBIX YCIIOBUSX TEMIIEPATYPa B a30THUIPATHOM TeJIe M3MEHSETCS C PACCTOSIHUEM OT
JOOBIBAOIICH CKBaXKMHBI aHAIIOTHYHO B 00€ CTOPOHBI MO MOJUHOMUAIBLHON 3aBUCHMOCTH, TIPHYEM Ha PACCTOSHHUH OT
CKBaXHHEI 18.7 M TeMmeparypa crabuibHa u coctaBisieT +22°C, a B uaTepBaine 18.7 — 24.9 m — camxaercs B 3.1 paza u
nocruraer 3Hauenus: +7°C. BbisiBieHO, 4TO nedopManni B ra30TUAPATHOM Tejie NMPH BO3IEHCTBUU aKTHBUPYOLIETO
areHTa, Mo/IaBaeMoro o[ AaBJICHUEM, MPEBbIIIAIONIEe HAYaIbHOE, HAITPABJIEHbI OT OOKOBBIX TPAHUIL B LICHTP ra30Tu/I-
paTHOrO TeNa B HaNpaBJICHUU IIPOAYKTHBHBIX 30H JUCCOLMALINH, YTO, B CBOIO 0YEPE/Ib, MPUBOIMUT K CMEILEHUIO 00beMa
ra3oryjipara B LEHTP MPOTEKaHHs PEaKLWH, yJydllas KayecTBO IpOILlecca pas3lIOKEHUs M I03BOJIsIA OoTpaboTarh
87 — 91% o0Obema razoruapara, MpeACTaBICHHOTO B MOJICITH.

Hayuynas HoBu3HA. BriepBble 1711 ycI0BUiA Ta30THIPaTHBIX MECTOPOXKACHUH UepHOTO MOpsI IpOBE/IeHa aHAIUTHYE-
CKast OIIeHKa XapaKTepa pacupOCTPaHEeH s 30HBI JUCCOLMALINH OT 00BIBAIOIIEH CKBaYKHHBI ITPH BO3A€HCTBUH TEILIOBOTO
areHTa v U3MEHEHUH HaIpsHKEHHO-1eOPMUPOBAHHOTO COCTOSIHUS I'a30TUAPATHOT'O Tella IPH €ro pas3jioKeHHUH, YTO M03-
BOJISIET YCOBEPIICHCTBOBATH TEXHOJIOTUIO Pa3pab0TKU Ta30THIPATHBIX 3aJIekKel B pACCMaTPUBACMBIX YCIOBUSIX.

IpakTUyeckasi 3HAYMMOCTb. [IpeioxkeHa TEXHOIOTHYECKas cXeMa pa3pabdoTKH ra30ruaApaTHOro Teja Ha OCHOBA-
HUHM KOMOMHHPOBAHHOTO MOJIX0/1a K BO3/ICHCTBUIO aKTHBATOPAMHU (TEMIIEPATYPOil U IaBJIeHHEM ), YCTpaHsoas Heo0Xo-
JMMOCTB IIPOTPEeBa IPAaHUYHBIX YYACTKOB 3aJIC)KH M YBEIHUSHHUS [10J[aBaEMOT0 KOJIMYECTBA AKTUBUPYIOIIETO areHTa 1 ero
TEMIIEPaTyphbl, YTO, B CBOIO O4EPE/lb, BEJET K CHUIKEHHIO PECYPCO- U IHEPro3arpar.

Knrouesvie cnosa: zazocuopamuas 3anedxico, Memoo KOHEeUHbX dnemMenmos, npocpammuvitl nakem ANSYS, sona
ouccoyuayuy, MexHoI0euiecKkas cxema papabomku
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